Silica particles (quartz dust) are toxic to macrophages after their uptake into these cells. These experiments describe the opsonization mechanism(s) and macrophage receptor(s) involved in silica uptake. Freshly isolated rat liver macrophages (Kupffer cells) were incubated at 370C with silica particles in the presence or absence of autologous or heterologous plasma or purified plasma fibronectin and cell viability was assessed at various times. Within 60 min of coincubation, > 80% of macrophages were lysed in the presence of plasma or purified fibronectin but not in their absence (viability > 90%). Lysis was slower with defibronectinized plasma (28% in 60 min). Macrophages could be protected from lysis by addition ofthe monosaccharide N-acetyl-D-galactosamine but not by N-acetyl-D-glucosamine. Galactosylated serum albumin but not mannosylated albumin or native albumin exerted full protection from lysis. The pentapeptide GRGDS also prevented macrophage lysis in synergy with N-acetyl-galactosamine. Enzymatic deglycosylation of fibronectin reduced lysis significantly. These findings indicate an important opsonizing activity for fibronectin and dual recognition via the lectin-like galactose-specific binding activity of membrane-associated C-reactive protein and by integrin receptor(s). Binding experiments (at 40C) revealed initial binding as primarily galactose-inhibitable, suggesting integrinmediated binding as a later event necessary for effective uptake. (J. Clin. Invest. 1992Invest. .90:1819Invest. -1824
Introduction
Quartz dust particles are known to exert rapid and selective killing of macrophages (1) after their uptake into the phagocytes. Killing is dependent on uptake ofthe particles and leads to destruction of phagolysosomes as the earliest event (2, 3) . Upon inhalation, silica dust is known to cause persistent inflammation, fibrosis, and granuloma in lung of humans and experimental animals (4, 5) .
Upon injection into circulation, silica particles have been shown to effectively block various functions of the reticuloendothelial system (6) (7) (8) , which are exerted mainly by the large population ofresident liver macrophages, the Kupffer cells (9) . A number of experimental studies on the role of macrophages in various diseases have used the macrophage-toxic effects of silica to impair in vivo phagocyte function in animals (6, 10, 11) .
We now describe experiments where blockade of the toxic action ofsilica particles, i.e., blockade oftheir uptake, is used to elucidate the opsonic mechanism(s) and modes of recognition and uptake ofsilica particles by freshly isolated rat liver macrophages.
Methods
Chemicals. Silica particles (fraction DQ12) were kindly provided by Dr. Armbruster from the Rheinische Bergbau und Kohle Verein, Dortmund, Germany. The fraction DQ12 consists of medium sized (0.5-3.0 Mm) quartz needles.
Collagenase H and N-glycanase F (N-glycosidase F, EC 3.2.2.18 and EC 3.5.1.52) were from Boehringer Mannheim GmBH (Mannheim, Germany), Eagle's Medium from Gibco BRL (Eggenstein, Germany), neoglycoproteins from Janssen Pharmaceutica (Beerse, Belgium), mono-and disaccharides from Fluka AG (Neu-Ulm, Germany). Gelatine-Sepharose 4B was from Pharmacia Fine Chemicals (Heidelberg, Germany). Antisera against the human proteins albumin, immunoglobulins; C-reactive protein (CRP),' serum amyloid protein, complement components Clq, C3, C4, and fibronectin were from Dakopatts (Hamburg, Germany) and Jackson ImmunoResearch Labs, Inc. (West-Grove, PA). All other chemicals were obtained from Sigma Chemical Co. (Tau fkirchen, Germany).
Isolation ofrat liver macrophages. Rat liver macrophages were obtained by isolated liver perfusion with Collagenase H ( 180 mg in 100 ml perfusion buffer) and differential centrifugation ofthe resulting cell suspension, exactly as described previously ( 12) . The resulting preparation routinely contained > 80% macrophages with -10% contaminating hepatocytes and endothelial cells each. All experiments were performed with freshly isolated liver macrophages. Plasma preparation. Blood was drawn from healthy volunteers or from rats without any chelating agent or with EDTA (10 mM). Care was taken to avoid air contact and cells were immediately removed by centrifugation. 0.5 ml of plasma or 0. Electron microscopy. Adsorption of purified pFn onto colloidal gold particles with a mean diameter of 17 nm (pFn-Au) and cell-binding assays with pFn-Au were performed as described previously ( 14) . Briefly, cells were mixed with pFn-Au in Eagle's medium plus CaCl2 (2 mM) incubated for 10 min at 4°C. Binding was stopped by addition of an equal volume of ice-cold cacodylate-HCI-buffered 0.2% glutardialdehyde, immediately centrifuged, washed twice to remove unbound particles, and then processed for transmission electron microscopy. Ligand binding was quantified on electron micrographs of ultrathin sectioned specimens at a final magnification of 20,000X. Numbers of gold particles bound to the plasma membrane were counted and the length of plasma membranes determined using an HP 65 (HewlettPackard, Dtisseldorf, Germany) equipped with a digitizing board and an area/distance program (HP-menu, Hewlett-Packard).
Results
Silica-mediated macrophage killing depends on opsonization by pFn. Isolated rat liver macrophages incubated at 37°C with silica particles in the absence of serum proteins can be maintained for 60 min and longer without loss of viability ( Fig. 1 ) . Addition of autologous plasma, obtained without coagulation inhibitors, leads to time dependent loss of viability as assessed by trypan blue exclusion and will lead to up to 80% dead cells within 60 min. Decrease of live cells is identical with addition of xenogeneic plasma of human origin (Fig. 1) .
Electron microscopy of cells thus incubated confirms that lysis ofmacrophages was dependent on previous endocytosis of silica particles. Disruption of internal phagolysosomal membranes in the vicinity of silica needles was frequently found (Fig. 2) . Micrographs also showed that in the absence of plasma absolutely no uptake was observed (not shown).
Agglutination of human plasma-opsonized silica particles with a series of antisera against human plasma proteins (albumin, immunoglobulins, serum amyloid protein, CRP, complement components Clq, C3, C4, fibronectin) showed that the particles were coated by fibronectin mostly, with little complement C3, traces of Cl q, and none of the other proteins tested detectable.
To prove the dominant role of fibronectin in opsonization we repeated the macrophage toxicity assay described above by We had previously shown that immobilized fibronectin is bound by liver macrophage membrane-associated CRP (mCRP), earlier termed galactose-particle receptor, in a galactose/N-acetylgalactosamine inhibitable way (14) . Therefore incubation experiments with plasma-or pFn-opsonized silica and liver macrophages in the presence of various monosaccharides were performed. Whereas neither N-acetyl-glucosamine (GlcNAc) nor mannose addition had any effect on macrophage survival, N-acetyl-galactosamine (GlcNAc) blocked uptake ofthe opsonized particles (Fig. 4) . The extent ofblockade was the same with rat plasma or human plasma or purified fibronectin as opsonizing agents. Inhibition experiments were also performed with glycoproteins and neoglycoproteins. As shown in Fig. 5 , the two glycoproteins exposing terminal galactosyl groups completely prevented the toxic effect in a concentration-dependent way. Asialofetuin exposing a maximum of 12 terminal galactose residues per molecule exerted half-maximal inhibition at a concentration of -2 X 10-5 mol/liter, galactose-BSA containing an average of 37-45 gal per molecule showed half-maximal inhibition at 5 X l0-8mol/ liter. Neither mannose-BSA nor native BSA had significant protective effects, proving the galactosespecific recognition mode involved.
The relative inhibitory activity of the glycoproteins was measured with rat plasma, purified rat pFn, or purified human pFn. Comparison of the data obtained showed no difference, neither in the various carbohydrate compounds nor in their relative concentrations needed for inhibition.
Role ofArg-Gly-Asp (RGD)-recognizing integrin receptors.
The experiments described confirm a major role of fibronectin as opsonizing signal and a galactose-specific recognition by mCRP. Fibronectin, however, is known to be bound to many cell surfaces, including macrophages, via recognition of the RGD sequence by integrin receptors.
Whether the pentapeptide Gly-Arg-Gly-Asp-Ser (GRGDS) would have a protective effect in macrophage-silica incubation experiments was therefore tested. Surprisingly the pentapeptide also prevents lysis in a concentration dependent way with full protection achieved at 2 mg/ml. cal with rat or human plasma or purified pFn as opsonizing source (Fig. 6 ). Combination oflow concentrations ofcompeting monosaccharide GalNAc and pentapeptide showed synergistic increase in protection from killing (Fig. 7) .
Deglycosylation ofrat pFn-opsonized silica particles. Silica particles opsonized with purified rat fibronectin were treated with N-glycanase F for 6 h before cell incubation to determine the role of the glycan portion(s). The enzymatic removal of N-glycans resulted in significant reduction of silica toxicity (Fig. 8 ) compared with sham-treated particles. The small reduction in cell viability during the 60-min incubation period could be blocked to control values by addition ofGRGDS (Fig.  8 B) . Binding experiments with pFn adsorbed onto colloidal gold. Since the toxic effect of silica particles depends on their uptake by the cells, binding experiments and quantitative electron microscopy to elucidate the role ofthe two receptor activities in initial recognition (binding) and/or uptake of opsonized particles were performed. Quartz dust needles contain little electron scattering elements and thus are barely visible as single particles in transmission electron microscopy. The silica visible in Fig. 2 is aggregated to bundles and is thus recognizable. These conditions, however, allow no quantitative measurement of binding. Therefore fibronectin-coated collodidal gold particles (pFn-Au) were used in these experiments. Macrophages were incubated with pFn-Au at 40C with or without monosaccharides, pentapeptide, or the mixture. The amount of particles bound per micrometer of plasma membrane was determined on electron micrographs ofthe fixed and processed specimen. As shown in Fig. 9 , binding of pFn-Au was completely inhibited by GalNAc (significantly different from binding in Fig. 9 A: P < 0.001) but not by GlcNAc (no significant difference to Fig. 9 A) . In contrast, addition of GRGDS at highest concentration (2 mg/ml) did not lead to complete inhibition ofsurface binding (significantly different from GalNAcinhibition: P < 0.001), although uptake at 370C was com-% viable MO pletely blocked (not shown). The combination of 10 mM GalNAc and 1.0 mg/ml pentapeptide leads to total inhibition.
Discussion
Fibronectin is a multifunctional ences [15] [16] [17] supports activation and proliferation of naive T lymphocytes, whereas no effect is found with either of the two factors alone * | i * i; (21) . Experimental data on adhesion of microvascular endo-60 thelial cells (22) and of fibroblasts (23) cently we could show that the interaction of a membrane-associated form of CRP (mCRP) on rat liver macrophages (28) rat pFN-opsonized silica reduces with immobilized fibronectin occurs via a low-affinity galac-)nized silica particles were intose-specific binding ( 14) . . Control (C) ciated with any function besides protection from proteolyPlasma in Fig. 1 ). (Open bars) 5is (29) . presence of GaINAc (80 mM);
On the other hand evidence is increasing that low-affinity IS (2 mg/ml).
carbohydrate-specific interactions synergize with attachment Competition ofSilica Phagocytosis 1823 signals as has been recently shown very elegantly for the low-affinity binding (rolling) via the selectin PADGEM as a prerequisite for the leucocyte adhesion through integrins LFA-1, Mac-1 (30) . In direct analogy to these results, I propose that the lowaffinity interaction of mCRP with fibronectin-coated particles leads to a slowdown of these particles within the circulation, analogous to the leucocyte rolling, as a prerequisite for the development of stable integrin-mediated binding. This proposal is supported by the binding inhibition experiments.
The competition data are ofpotential interest in prevention of pulmonary diseases associated with toxic and/or excessive dust burden. Both fibronectin as well as CRP are known constituents of broncho-alveolar lavage fluid and were recently described to increase in acute inflammatory processes (31, 32) . Work is now in progress to examine silica uptake and receptor expression in rat alveolar macrophages.
